Glassy carbon (GC) electrode modified with Cu-based metal-organic frameworks (Cu-BTC, BTC = 1,3,5-benzenetricarboxylate) and multi-walled carbon nanotubes (CNTs) composites was developed. The Cu-BTCs were synthesized by two methods, traditional hydrothermal and ultrasonic irradiation methods. It was found that the Cu-BTC that was synthesized by the latter method, with mean crystallite sizes in the nanometers range, showed a higher impact on enhancing the electrocatalytic activity of the modified electrode toward the electro-oxidation of metformin compared to that synthesized with the former method with a larger crystallite size of micrometer-scale. The morphological characteristics of Cu-BTCs and Cu-BTC nanocrystals/CNTs modified GC electrode surface were characterized by scanning electron microscopy. The modified electrode showed excellent response of oxidation current for the determination of metformin. Under optimum conditions, the peak current showed good linearity with concentrations in the range of 0.5 µM to 25 µM and a detection limit of 0.12 µM, as well as good repeatability. The Cu-BTC nanocrystals/CNTs modified GC electrode was applied successfully to determine metformin in pharmaceutical samples with good accuracy.
Introduction
Metformin is an antidiabetic medication and is considered as a first-line drug choice for the treatment of type 2 diabetes. 1 Developing sensitive, simple and fast methods for measurement of metformin in biological samples is needed for pharmacokinetic and pharmacological studies. Several methods have been proposed for its quantitative analysis including capillary electrophoresis, 2,3 chromatography, 4 -13 NMR spectrometry, 14 spectrophotometry, 15 -24 conductometry 25 and IR spectrometry. 26 However, some of these methods suffer from disadvantages such as long analysis time, complicated sample preparation procedures, and very costly instrumentation. Electroanalytical-based methods for detection of metformin can be proposed as a simple and inexpensive alternative to the above methodologies. The electroanalytical methods can provide more sensitivity and reduces analysis time so that continuous real-time analysis can be performed. Nevertheless, direct electro-oxidation of metformin at conventional unmodified electrodes is usually limited by the slow electron-transfer kinetics, electrode surface fouling and high overpotentials. To solve these problems, modified electrodes have been applied for the detection of metformin. For example, pyrogallol, 27 BiVO 4, 28 copperloaded charcoal 29 , Cu-based coordination polymer/carbon nanotubes (CNTs), 30 and nickel oxide nanotubes/carbon microparticles 31 have been mixed with carbon paste to prepare modified electrodes for metformin detection. In the present study, a Cu-based metal-organic framework (MOF) has been utilized as an efficient electrode modifier for metformin detection. Literature survey shows that very few attempts have been made to metformin detection using voltammetric techniques. [28] [29] [30] [31] Thus, the aim of this work was to develop a new, simple and sensitive electroanalytical method for the determination of metformin in pharmaceutical formulations. The electrochemical sensor was a GC electrode simply modified with a Cu-based MOF (Cu-BTC) nanocrystals/multi-walled CNTs hybrid nanostructure.
In the past decade, CNTs have become the focus of great interest on the fabrication of chemically modified electrodes due to their large surface area, unique architecture, and remarkable mechanical and electrical properties. 32, 33 Their large surface area could increase the electron transfer rate and produce higher response sensitivity due to its high adsorption capability to target analyte molecules. Also, the porous nature of the drop-cast fabricated CNT films may provide a supportive scaffold for the uniform deposition of the MOF nanocrystals.
From the last decade, MOFs that are constructed of metal ions coordinated to organic linkers to form one-, two-, or threedimensional highly ordered porous structures have attracted much attention due to their high accessible surface area and porosity and have been applied in a variety of fields such as gas separation, sensors, ion exchange, catalysis and supercapacitors. 35 Due to their low electronic conductivity, there are only a few studies on applying MOFs barely as electrode modifiers in electroanalysis. 36, 37 More recently, MOF-based multi-components materials have been proposed, in which the combination of MOFs and highly conductive nanostructured materials provides added conductivity and electrocatalytic ability against target analytes. For example, immobilization of Au-SH-SiO 2 nanoparticles on Cu-based MOF for l-cysteine 38 44 and Cu-based MOF/multi-walled CNTs modified electrode for determination of lead 45 have been proposed. Recently, a review article has been also published relating to the use of MOF materials as electrode modifiers for electroanalytical sensing applications. 46 MOFs have been routinely synthesized by hydro/solvothermal methods. Recently, ultrasonic irradiation reaction methods have been also introduced as facile, rapid and inexpensive route toward the synthesis of these compounds. 47 The former methods usually yield large MOF crystals whereas the latter methods yield MOFs as nanocrystalline powders. 47 In the present study, the Cu-BTC was synthesized by both the methods and it has been shown that the Cu-BTC prepared by ultrasonic irradiation synthesis with nanosized crystals provides higher electrocatalytic performance compared to that synthesized with hydrothermal method with a larger crystallite size. The morphological characteristics of the synthesized Cu-BTCs and the Cu-BTC/CNTs modified GC electrode were investigated by scanning electron microscopy (SEM). The results demonstrated that the Cu-BTC nanocrystals/CNTs modified GC electrode has good performance towards metformin detection with a high sensitivity and a wide linear range.
Experimental

Materials
All chemicals were of analytical grade and were used as received, without further purification. The standard metformin hydrochloride (Sigma) solutions were prepared freshly before use. Multi-walled CNT (with the outside diameter of 5-15 nm and length of about 50 µm) was purchased from US Research Nanomaterials, Inc.
Apparatus
Voltammetric experiments were performed using a Sama potentiostat/galvanostat model 500 (Isfahan, Iran). A graphite rod (0.5 cm × 2 cm) served as an auxiliary electrode and an Ag/AgCl (3 M KCl) electrode was used as a reference electrode. Synthesis of the Cu-BTC nanocrystals was performed in a Rocker ultrasonic bath (Soner 203). The SEM images were obtained with a Hitachi S4160 (Cold Field Emission) scanning electron microscope. Prior to SEM examination, the SEM samples were coated with a thin film of Au in a coating machine to enhance their conductivity.
Synthesis of Cu-BTCs
Synthesis of Cu-BTC Microcrystals
Cu-BTC microcrystals was synthesized using a similar method to that reported by J. Gascon et al. 48 Briefly, 0.292 g Cu(NO 3 ) 2 3H 2 O were added to 5 mL de-ionized water and mixed with 0.14 g of 1,3,5-benzenetricarboxylic acid (H 3 BTC) dissolved in 5 mL ethanol. The resulting solution was stirred for 30 min at room temperature, then heated at 383 K for 18 h in a teflon-lined stainless steel bomb. After cooling to room temperature, the product was isolated from the solution as a blue powder following centrifugation, washed three times with ethanol, and then dried at 130 °C for 12 h.
Synthesis of Cu-BTC Nanocrystals
Cu-BTC nanocrocrystals was synthesized following the procedure of [49] . Briefly, 0.104 g of H 3 BTC was dissolved in a solution of 4 mL dimethylformamide (DMF) and 2 mL ethanol and then added to 3 mL of an aqueous solution of 0.099 g cupric acetate dihydrate. Then, the reaction mixture was ultrasonicated continuously for 5 min at a frequency of 40 KHz. After the ultrasonic irradiation, the resulting blue powder was isolated from the solution and then dried by the same manner as described above for the Cu-BTC microcrystals.
Fabrication of the Cu-BTC/CNTs Modified GC Electrode
CNTs, Cu-BTC microcrystals and Cu-BTC nanocrystals were cast onto GC electrode surfaces. They were first dispersed in DMF at a concentration of 1 mg mL -1 in an ultrasonic bath. The dispersions of Cu-BTCs are shown in Fig. 1 . As can be seen from this figure, due to a higher particle weight of Cu-BTC microcrystals, they settle in the suspension very much sooner than Cu-BTC nanocrystals that form a colloidal suspension. Prior to modification, the bare GC electrode surface was polished with 0.05 µm a-Al 2 O 3 , and then rinsed with distilled water. To prepare CNTs modified GC electrode, 2 µL of CNT suspension was cast onto the electrode surface with a micro-syringe pipette and its solvent was then allowed to evaporate under an infrared lamp.
In order to prepare Cu-BTC modified GC electrodes, 2 µL of Cu-BTC microcrystals or Cu-BTC nanocrystals suspensions were placed onto the CNTs modified GC electrode surface following dryness under infrared lamp, designated as Cu-BTC (micro)/CNTs modified or Cu-BTC (nano)/CNTs modified GC electrodes, respectively.
Results and Discussion
Morphological Characterization of Cu-BTC
The SEM images shown in Fig. 2A and and Fig. 2B illustrate the crystal morphologies of the Cu-BTC prepared using hydrothermal and ultrasonic methods, respectively. As can be seen from Fig. 2A , the Cu-BTC crystals obtained under conventional hydrothermal method show a very larger size range (20-40 µm) than those synthesized using ultrasonic method (40-100 nm). These results are consistent with those reported previously using traditional hydrothermal 48 and using ultrasonic methods. 49 Fig . 2C shows a SEM image from the surface of Cu-BTC (nano)/CNTs modified GC electrode. One of The MOF nanoparticles, which settled on the wall of CNTs is indicated by the white dashed lines in this figure. RESEARCH ARTICLE M. Hadi, H. Poorgholi and H. Mostaanzadeh, 133 S. Afr. J. Chem., 2016, 69, 132-139, <http://journals.sabinet.co.za/sajchem/>. 
Electrochemical Characteristics of Cu-BTC (Nano)/CNTs and Cu-BTC Micro/CNTs Modified GC Electrodes
Cyclic voltammograms of metformin on a bare GC electrode (2), Cu-BTC (micro) modified GC (3), Cu-BTC (nano) modified GC (4), CNTs modified GC (5), Cu-BTC (micro)/CNTs modified GC (6), and Cu-BTC (nano)/CNTs modified GC (7) electrodes are shown in Fig. 3 and the electrochemical results are summarized in Table 1 ease of comparison.
The bare GC electrode shows a very low electrode activity toward metformin. The anodic peak potential (E p ) of metformin appears at about 0.64 V on Cu-BTC (nano) modified GC and on CNTs modified GC at 0.64 V. At the same time, the anodic peak of metformin on Cu-BTC (nano)/CNTs modified GC appears at 0.59 V with a significantly enhanced peak current (I p ) (Fig. 3 and Table 1 ), which indicates an enhanced electron-transfer rate on the modified electrode. This is due to the synergistic effect from both the high conductivity and the large surface area of the CNT, along with the electron mediating action of Cu 2+ ions in the MOF structure. 50 Moreover, a high affinity of the MOF to the metformin molecules due to a strong chelating action of metformin toward the Cu 2+ ions of the MOF framework together with a high surface area of the MOF can provide more active adsorption sites and electrocatalytic reaction centers, and thereby increase the sensing performance and electrocatalytic effects of the fabricated modified electrode.
A lower value of E p (0.59 V) and a significantly higher value of I p (73 µA) at the Cu-BTC (nano)/CNTs modified GC compared to Cu-BTC (micro)/CNTs modified GC electrode (E p 0.63, I p 35 µA) as well as Cu-BTC (nano) modified GC (E p 0.64, I p 1.3 µA) compared to Cu-BTC (micro) modified GC electrodes (E p 0.69, I p 0.73 µA) indicates clearly with the lower crystal size of MOF, the electrocatalytic performances of the modified electrodes is higher.
The scan rate (u) dependence of cyclic voltammograms for the Cu-BTC (nano)/CNTs modified GC electrode toward the oxidation of metformin was also explored (Fig. 4) . At the u between 25 and 250 mV s -1 , the slope of about 1.0 for the double logarithmic plots of the I p vs. u indicates that the limiting current is controlled by adsorption process.
As illustrated in Fig. 5 , considering the dimensions of the optimized structure of the metformin molecules that can be embedded into a presumptive ball of about 13 A°diameter that fits the larger pores of Cu-BTC, 51 the framework structure has a high ability to absorb and accumulate the metformin molecules on the electrode surface.
This property along with the nanometer sized crystals of MOF, RESEARCH ARTICLE M. Hadi, H. Poorgholi and H. Mostaanzadeh, 134 S. Afr. J. Chem., 2016, 69, 132-139, <http://journals.sabinet.co.za/sajchem/>. when accompanied with the large surface area and high electrocatalytic activity of the CNT, provides a high sensing performance and electrode sensitivity.
Effect of pH
The pH effect on the electro-oxidation of metformin was studied in solutions of different pH values from 5 to 9. Fig. 6 indicates that the solution pH has a significant influence on the electro-oxidation of metformin at the Cu-BTC (nano)/CNTs modified GC electrode and protons have taken part in the electrode reaction processes.
As it can be seen from Fig. 6 , the E p value shifts negatively with the increase of the solution pH so that in the pH range of 5.82-11.65, the slope of the linear regression line through the data points (-0.053 mV pH -1 ), which is very close to the theoretical value of -0.059 mV pH -1 , is consistent with the mechanism proposed for the metformin electro-oxidation based on the equal numbers of electrons and protons. 29, 50 The two linear regions of the E p vs. pH plot intersect at about 11.65 (Fig. 6) , which are close to the pK a2 value (11.5) of metformin. 52 As can be seen from Fig. 6 , the I p increased with raising the solution pH so that the greatest I p value was obtained in the pH range of about 12.5-13.5. Approaching pH to pK a2 value, the progressive deprotonation of positively charged metformin molecules that causes a reduction in their repulsive interactions with the electrode surface during the anodic change of potential or with Cu 2+ ions of the MOF framework results in increased easily of oxidation. As the best result was obtained at pH 13.0 (KOH 0.1 M), this pH value was used for all electrochemical measurements.
Optimization of the Amount of CNT and Cu-BTC (Nano)
The cyclic voltammetry experiments were conducted at the GC electrode modified with different amount of CNT (1 mg mL -1 ) dispersion. The relationship between the I p value and the volume of CNT dispersion used for the electrode modification was illustrated in Fig. 7 . As the signal was not improved above 2 µL, this volume was chosen as an optimum volume of the CNT dispersion.
The amount of Cu-BTC (nano) was also optimized by applying different amount of Cu-BTC (nano) dispersion (1 mg mL -1 ) on the CNTs modified GC electrode. From Fig. 7 , it can be seen that the I p value first rapidly increases with increasing the volume of Cu-BTC (nano) dispersion up to about 2 µL, and then slightly decreases with the higher dispersion volume (Fig. 7) . This should be attributed to an increase in the electrical resistance of the electrode due to the excess of Cu-BTC (nano). The volume of the Cu-BTC (nano) dispersion chosen in the detection of metformin was 2 µL. Figure 8 (nano)/CNTs modified GC electrode at different accumulation time and the plot of the I p value vs. the accumulation time is also shown in the inset of this figure.
Influence of Accumulation Time
It can be seen that the I p rises rapidly by increasing the preconcentration time up to 3 min, and after that tends to a constant value. The accumulation time chosen for further experiment was 3 min.
Analytical Figures of Merit
The effect of the varying concentration of metformin on I p at the Cu-BTC (nano)/CNTs modified GC electrode at the optimized experimental conditions is shown in Fig. 9 .
The I p values increased linearly by increase the metformin concentration in the range of 0.50-25.00 µM. The I p level off at 25.00 µM, probably due to saturation adsorption limitations. The correlation coefficient (0.995) of the linear least squares fit of the calibration curve indicates that the regression line is fitted very well with the experimental data (Fig. 9) . The detection limit (signal to noise of 3) was calculated as 0.12 µM and the sensitivity was 1.65 µA µM -1 . These analytical parameters, as can be seen from Table 2 , are comparable and in most cases better than those reported by other researchers using other modified electrodes.
Especially the modified electrode shows a significantly higher sensitivity compared to the other electrodes. Figure 10 shows 7 replicate voltammograms obtained at the Cu-BTC (nano)/CNTs modified GC electrode in a solution containing 10 µM metformin, which can provide an estimate of the repeatability of the modified electrode. The GC electrode surface has been modified freshly for each measurement. The precision of the described method in terms of relative standard deviation of the I p values was found to be 4.8 %, which indicates excellent electrochemical response repeatability of the modified electrodes.
Application
In order to demonstrate the applicability of the proposed method for the determination of metformin in pharmaceutical formulations, three commercial medicinal samples containing metformin were studied. The medicinal samples were Brot flask and diluted to volume. 5 mL of this solution was diluted to 100 mL with the supporting electrolyte solution and 5 mL of this solution was added to the measurement cell. The calibration curve method was made simply with the working solution for determination of the content of metformin in the samples. The results obtained in the analysis of four replicates from each sample are summarized in Table 3 and show a satisfactory agreement with the labelled amounts.
Comparison with Other Methods
Some analytical data reported for determination of metformin by methods based on chromatography or spectrophotometry are compared with the proposed method in Table 4 . As is clear from Table 4 , compared to the other methods reported, the proposed method shows a detection limit and linear dynamic range comparable or in some cases slightly better although it should be noted that the high sensitivity, rapid analysis time, simplicity and low cost of analysis are the main advantages of the electrochemical voltammetric method over the chromatography-based or spectroscopy-based methods.
Conclusion
In this paper, the Cu-BTCs were prepared and it was shown that their composites with multiwall CNT can be used as a suitable and effective electrode modifier for metformin determination in aqueous solution. It was shown that the MOF crystallite size has a significant influence on the electrocatalytic performance of the modified electrode so that the Cu-BTC crystals with nanometer dimensions, synthesized by the ultrasonic method, indicate higher electrocatalytic activity compared to those synthesized with conventional solvothermal method with micrometer-sized crystallite. The modified electrode was prepared by a simple procedure and showed good reproducibility. Analysis of metformin by voltammetric technique was performed in comparison to the other reported methods (Tables 2 and  4 ) with a long linear dynamic range of 0.50-25.00 µM and a low detection limit of 0.12 µM. The proposed modified electrode used as a sensitive, fast and simple voltammetric sensor for metformin determination in real pharmaceutical samples.
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